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Introduction
The availability of the complete genomic sequence of several model organisms, and the development of high-density genomic microarrays and deep-sequencing techniques has provided a full landscape of the structural information contained in DNA. The regulatory information contained in the genomes, however, is more difficult to decode as its sequence determinants are highly degenerated and fine-tuned by epigenetic factors. A paradigm of this complexity is our current vision of gene regulation. The recent development of high throughput technologies for studying gene expression has led to the idea that genomes are complex systems: pervasive transcription, regulatory non-coding RNAs that modulate the action of transcription factors; engaged RNA polymerase II (RNApolII) associated with nonexpressed genes to produce short non-coding transcripts at the promoter; differentially marked genes poised for activation upon development [1] . To further complicate the scenario, recent in-depth analysis of chromatin types has unveiled a new landscape with uncharacterised transcriptionally active and inactive chromatin domains which are organised non-randomly in the nucleus and may influence the expression of the residing genes [2] . Even the assumption that chromatin modifications are heritable epigenetic marks has been challenged by recent data from S. Henikoff´s group. By directly measuring on genome-wide scale the kinetics of nucleosome exchange, the authors proposed that the active or silent gene state may be perpetuated by regulated nucleosome turnover, rather than by the histone modifications themselves [3] .
In this essay we primarily focus on animal genomes to explore how this genomic complexity, whose role in the regulation of gene expression we are just beginning to comprehend, applies to the regulation of replication initiation. We propose that metazoan DNA replication origins do not exist as discrete genetic entities. Instead, we hypothesise that replication initiation starts opportunistically from differently exposed DNA sites, rendering cells highly robust and rapidly adaptable to environmental or developmental changes.
Transcription regulation is highly degenerated
Transcriptome analyses have shown that much of the eukaryotic genome is transcribed, and that transcripts from both strands of specific genomic loci are detectable in a diverse range of organisms [4] [5] [6] [7] [8] [9] . Some of these transcripts map to known transcription units, but many derive from unannotated regions of the chromosomes, what is consistent with the presence of RNApolII bound to those non-genic regions. Pervasive transcription not only originates from canonical promoter regions; in both yeast and mammalian cells a number of non-coding RNAs (ncRNA) seem to start at the 3´ends of genes [7, 10] . Exonic cryptic transcripts have also been identified in Saccharomyces cerevisiae, in addition to telomeric transcripts and ncRNA transcripts derived from repetitive regions of many organisms [11] [12] [13] [14] . The functionality of this pervasive transcription, particularly the ncRNAs derived from outside of protein-coding genes, is subject of considerable debate [15] [16] [17] . Despite the relative proportion between biologically significant ncRNAs and transcriptional noise, several ncRNA transcripts are known to interact with proteins, are differentially expressed, and conserved across species. Some well-characterised examples include mouse Xist, Air or human HOTAIR ncRNAs [18] [19] [20] . These findings suggest that at least a subset of ncRNAs can be active players in the regulation of genomic plasticity.
Promoters themselves are diffuse genetic entities. Transcription initiation can start at either localised sites on TATA-box regulated genes or broadly dispersed transcription start sites (TSS) spanning across CpG island (CGI) promoters in mammalian cells. These diverse initiation patterns are strongly correlated with differences in nucleosome organisation and chromatin structure [21] . For most of the promoters with dispersed TSS, transcription initiates in both directions, consistent with the finding of two peaks of the activated form of the RNApolII. This phenomenon has also been reported to occur in the yeast genome [6, 10, [22] [23] [24] . However, the role of widespread divergent transcription at eukaryotic promoters remains unclear. It has been hypothesised that divergent transcription could function by shifting away nucleosomes at promoter regions, thus facilitating the access of transcription factors [6, 10, [22] [23] [24] . Other authors suggest that it would provide a quick available pool of active RNApolII molecules for protein-coding mRNA expression [25] , or just represent opportunistic RNApolII-mediated transcription within TSS [26] .
On top of the diversity in promoter architecture that governs differences in the initiation process, transcription can also be regulated at several levels in eukaryotes. One of them occurs during the multiple steps of the RNApolII transcription cycle [27] . This includes: (i) the formation of the pre-initiation complex at the promoter, mediated by the recruitment of general transcription factors; (ii) the initiation of transcription; (iii) the clearance of the RNApolII from the promoter-bound factors; (iv) the pausing of the RNApolII after transcribing 20-50 nucleotides and; (v) the escape from the paused state into productive elongation. Recent findings indicate that progression of a promoter-proximal, paused RNApolII, into productive elongation is a rate limiting step in the transcription of nearly 40% of genes in mouse embryonic stem (ES) cells and mouse embryonic fibroblasts [28] . Interestingly, key pluripotency regulatory genes such as Oct4, Sox2 and Nanog exhibit a regulated rate of escape from pausing, suggesting that RNApolII pausing may provide a responsive transcriptional regulation control during cell differentiation. At each promoter, a particular combination of transcription factors, elongation factors, nucleosomes, and underlying DNA sequence act together to determine the kinetics of the RNApolII capture and release, orchestrating the regulation of DNA transcription by this enzyme. Most likely, the degenerate and combinatorial nature of this regulatory information enhances the robustness of biological systems. Degeneracy, at the same time, might allow for faster adaptation to signalling variations, an essential feature to achieve fitness and evolutional success.
Chromatin accessibility is a hallmark of replication origins
DNA replication is another basic genomic process and, as such, thought to be highly regulated in time and space to ensure a complete and accurate duplication of the genetic information prior to cell division. In the recent years, high throughput technologies have also been applied genome-wide to address the temporal domains of DNA replication and the location of the replication initiation sites (ORIs) in a variety of organisms. The lack of identifiable sequences combined with the preference of the Origin Recognition Complex (ORC) for nucleosome-free chromatin suggests that DNA accessibility is a major determinant of the replication program.
Sequence requirements for origin specification decrease from yeast to metazoans
The first eukaryotic model organism to be studied by these approaches was S. cerevisiae, aided by the well-established genetic and biochemical knowledge of the sequence requirements of the replication initiation sites in its genome [29, 30] . The analysis of the replication initiation landscape in S. cerevisiae demonstrated that, while the primary sequence of the DNA is a strong determinant of origin selection, it is not the unique driving force.
Indeed, of the thousands of consensus sites that exist in its genome, only around 400 are bound specifically by ORC and function as bona fide origins of DNA replication [31, 32] .
Although ORC binding to DNA in S. cerevisiae requires a consensus 11-bp A/T-rich sequence, each ORI contains a variable number of auxiliary elements that individually contribute to replication activity, constituting a first degree of variability between ORIs within the same genome [33] . This diversity between replicator elements is more extreme in the other yeast model, Schizosaccharomyces pombe. In this organism, replication initiation sites consist of asymmetric stretches of A/T-rich DNA, which vary in length and composition and do not share any apparent common consensus [34] [35] [36] [37] . Most likely, these degenerated motifs are decoded by the SpOrc4 subunit that shows a high preference for A/T-rich DNA [38] . ORC binding in both budding and fission yeasts is biased towards A/T-rich sequences and these elements are known to destabilise nucleosome assembly. Low occupancy of nucleosomes around an ORI may be important for efficient replication initiation, since positioning of nucleosomes over the consensus region greatly diminishes replication activity [39] . Indeed, genome-wide ORC localisation in S. cerevisiae is highly coincident with nucleosomedepleted regions [40, 41] and, in S. pombe, the efficiency of an ORI is negatively correlated with nucleosome occupancy [42] . Similarly, recent genome-wide analysis of ORC binding in Drosophila identified around 5000 sites that contain no common sequence motifs [43] . ORC sites tend to localise to open chromatin regions that are enriched in the histone variant H3.3 and depleted of bulk nucleosomes, such as the promoters of actively transcribed genes and sites of cohesin loading. The association of replication ORIs with active transcription and regions enriched in the histone variant H2A.Z and other activating marks have also been described genome-wide in Arabidopsis [44] . Interestingly, in Drosophila, the density of bound ORC at a given ORI correlates well with its time of replication [43] . As early replicating domains tend to be enriched in euchromatin and actively transcribed genes, this observation probably reflects the enhanced accessibility of these regions. Supporting this idea, the majority of ORC binding sites correspond to regions with a high nucleosome turnover rate [3] , many of which are associated with a subset of RNApolII binding sites [45] . Thus, the intrinsic positions of bulk nucleosomes encoded in the underlying DNA sequence seem to be the principle determinant of ORI sites in these systems, probably by restricting ORC association with the DNA. This is consistent with previous reports demonstrating that metazoan ORC shows no specificity or higher affinity for ORI sequences in vitro. However, negative supercoiling, such as that introduced in vivo by the removal of a nucleosome, can increase ORC binding affinity for DNA by several-fold [46] [47] [48] .
DNA accessibility is a major determinant of the replication program in metazoans
In multicellular eukaryotes, high-throughput technologies were applied to cartograph the temporal domains of DNA replication long before the first large-scale maps of ORI location were produced. These studies showed a clear correlation between transcriptionally active domains and early replication timing in the Drosophila genome [45, 49, 50] , a scenario that also occurs in both the mammalian [51] [52] [53] and the Arabidopsis genome [54] . These results indicate that permissive chromatin environments promote both transcription and replication.
Interestingly, it was recently reported that replication timing domains are strongly correlated with regions of long-range chromatin interactions [55] . These observations suggest that chromatin in close spatial proximity replicates at a similar time, reinforcing the idea that both the temporal and the spatial regulatory information of DNA replication depend on chromatin accessibility to replication factors.
In recent years, several reports have addressed the large-scale localisation of ORIs by microarray hybridisation or deep-sequencing of purified short DNA nascent strands in various cell types of human and mouse [56] [57] [58] [59] [60] . In spite of the diversity of the genomic programs represented by these studies, they collectively found a clear association of ORIs with annotated transcriptional units, specifically gene promoters enriched in activating epigenetic marks. A similar conclusion was reached on a recent report employing a very different technology based on the selective entrapment of bubble-containing fragments in gelling agarose and their subsequent hybridisation on genomic microarrays [61] . However, these studies also revealed a lower-than-expected concordance between the various ORI datasets. These observations likely reflect the different levels of saturation achieved in the preparation of ORI libraries, and thus, the intrinsic diversity of the cohort of replication initiation sites activated in each cell. A well-studied example that illustrates the cell-specific plasticity in the replication program is the mouse Igh locus. Differential activation of DNA replication origins occurs within the locus during B-cell development, parallel with the developmentally regulated changes in transcriptional activity and chromatin structure [62] . Similarly, normally silent or dormant origins can be activated in response to genotoxic stresses, as demonstrated in the case of hidroxyurea treatment of Chinese hamster cells [63, 64] . Therefore, mammalian ORIs seem to represent an extreme case of degeneracy in their coding information as the only common feature shared by the identified replication initiation sites is that a large majority of them lie on an accessible chromatin environment. In fact, the ORIs that show a higher probability of being activated in a cell population (i.e., the most efficient ones) are those located close to the TSS of CGI promoters, landmarks of permissive chromatin state [59] . Intriguingly, the nucleosome-free region surrounding the TSS of active promoters undergoes several rounds of abortive replication cycles in a single S phase [65, 66] .
This phenomenon resembles the production of short bidirectional transcripts occurring at CGIs and may represent the intrinsic open structure of the chromatin at these regulatory sites.
An interpretation of all these findings could be that ORIs do not exist as unique, well-defined regulatory units. Instead, DNA replication may start from a continuous gradient of initiation sites throughout the genome with preferential locations reflecting a higher probability of replication factor binding (Figure 1) . Consistent with this hypothesis, a recent report indicates that ORC localises at nucleosome-depleted sites within the replication initiation zone at the DHFR locus in Chinese hamster cells [67] . The above scenario can also accommodate the earlier observations that mammalian replicators are able to initiate DNA synthesis at ectopic sites depending on the chromosomal context (reviewed in [68] ), and raises the question of whether ORIs are truly genomic features or simply represent opportunistic ORC recruitment within accessible regions of the genome.
Opportunistic initiation of DNA replication?
DNA sequence is a potent driver of nucleosome organisation at certain regions, but the majority of the metazoan genome seems to exhibit very little nucleosome positioning [69] .
Nucleosome positioning preferences at regulatory sites might, per se, facilitate transcription initiation or help direct transcription factors towards the functional subset of their target sequences [70] . Interestingly, the classically-referred nucleosome-free gaps are in fact regulatory regions occupied by inherently unstable nucleosomes containing the H2A.Z and H3.3 histone variants [71] and probably have high nucleosome turnover rates [3] . The instability of the double-variant nucleosomes most likely maintains regions such as promoters and enhancers temporarily free of nucleosomes and accessible to regulatory elements. It is possible that ORC could take advantage of this permissiveness and opportunistically colonise these sites. In support of this, the modENCODE consortium in Drosophila showed that, of the dozens of chromatin features studied, ORC occupancy mainly correlates with sites that are characterised by nucleosome depletion, a high turnover of H3.3, and an enrichment of chromatin remodelers of the NURF complex [40] .
Based on the findings of the diverse chromatin architectures found at functional ORIs in S.
cerevisiae, it has been proposed that, upon binding by ORC and recruitment of chromatin remodelling and modification activities, the flanking nucleosomes are precisely positioned [40, 72] . These positioned nucleosomes then become important for the assembly of the pre-replication complex (pre-RC) prior to ORI firing. Interestingly, the S. cerevisiae Orc1 bromoadjacent homology (BAH) domain is particularly necessary to stabilise ORC binding at a subset of ORIs that are characterised by smaller-than-average nucleosome free region [73] .
As human ORC binding to chromosomes is facilitated by the BAH domain [74] , one possible mechanism for ORC stabilisation in the metazoan genome could be mediated through a direct interplay between nucleosomes and ORC. In addition, several transcription factors have been shown that the local chromatin environment at ORIs can affect pre-RC assembly [75, 76] . This suggests that the recruitment of ORC might not itself be sufficient for pre-RC formation and, instead, that the local chromatin environment may be critical for replication initiation activity.
Strengthening this idea, a recent report in human cells indicates that the chromatin remodeler SNF2H is loaded at DNA replication origins in a Cdt1-dependent manner [77] . Binding of SNF2H to origin DNA specifically during G1 phase promotes pre-RC loading, suggesting a direct role of chromatin remodelers in the regulation of DNA replication activity and in the maintenance of genome integrity.
ORIs as specific, fixed genomic sites are not strictly required, as has been noted previously [78] [79] [80] . On one hand, there are biological systems in which replication can initiate from random locations, such as Xenopus early embryos [81] . On the other, the temporal separation between pre-RC assembly and ORI firing into discrete phases of the cell cycle provides an exquisite solution that ensures the lack of re-replication that could be deleterious, without the need of specific start sites. Decreasing the sequence requirements of replication initiation and placing the selective pressure on the final readout of the process (the complete and accurate duplication of the genome before cell division) provides metazoan genomes the necessary flexibility and adaptation to variation in signalling information needed to respond to either environmental changes or determinants of cell identity. This opportunistic scenario relieves the genome from the constraints of maintaining selective pressure on individual ORIs. It also fits in well with the myriad of regulatory mechanisms that redundantly control DNA replication to precisely ensure the firing of ORIs only once per cell cycle (reviewed in [82] ).
In addition, the coupling between nucleosome dynamics and replication initiation guarantees an excess of ORIs for completion of genome duplication during S phase, while simultaneously allowing cells to exploit this flexibility to achieve a tailored, fine-tuned regulation of both replication and transcription. The opportunistic nature of ORIs, however, might jeopardise the integrity of the genomes at certain specific regions that are naturally refractory to ORC or pre-RC recruitment. This has been exemplified in two recent studies that addressed common fragile site formation in human lymphocytes [83, 84] . Both papers suggest that the sensitivity of fragile sites to replication stress is the combination of late replication and paucity of initiation events required for completion of DNA replication under stress conditions.
Conclusions
The genome can be understood as an ecosystem where the selective pressure on any basic process (only transcription and replication were discussed here) mainly acts on its final outcome. This biological environment may lead to the opportunism or even symbiosis of components of the molecular machineries that compete between themselves, and with the nucleosomes, for access to the DNA. This view can help explain the flexibility and variability of the regulatory information encoded in the metazoan genome. The intrinsic degeneracy shared between these systems could, in turn, generate variation upon which natural selection acts, contributing to rapid adaptation to changing conditions and enhancing robustness.
Although disconcerting, the genomic complexity found through the application of large-scale approaches reflects the power of these techniques to unveil the enormous variety of ways that cells use to decode their genomes and opens up exciting avenues of future research. respectively. In this example, regions of constitutively low nucleosome occupancy, such as CpG islands, are landing pads for transcription factors and RNApolII and can recruit pre-RC complexes in most cells, resulting in higher measurements of ORI activity in the cell population (i.e., higher relative efficiency). In addition to these high efficient ORIs, DNA synthesis can initiate from different genomic locations, which firing efficiencies will reflect the distinct accessibility of the replication factors to the DNA in each cell. In some cases, like the one represented between both transcriptional units, pre-RC recruitment could be enhanced due to the lower nucleosome occupancy at the 3´end of the genes associated with RNApolII antisense transcription. Genes, CpG islands, and protein complexes are not drawn to scale.
